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Biological motion perception, the recognition of human action depicted in sparse dot displays, is supported by a network of brain
areas including the human posterior superior temporal sulcus (pSTS). We have used repetitive transcranial magnetic stimulation
(rTMS) to temporarily disrupt cortical activity within the pSTS and subsequently measured sensitivity to biological motion. Sensi-
tivity was measured for canonical (upright) point-light animations and for animations inverted 180 deg, a manipulation that renders
biological motion more diﬃcult to recognize. Observers were markedly less sensitive to upright biological motion following pSTS
stimulation. In contrast, performance remained normal for inverted biological motion following pSTS stimulation, and normal for
upright and inverted biological motion following stimulation over visual motion sensitive area MT+/V5. In connection with previ-
ous brain imaging results, our ﬁndings demonstrate that normal functioning of the posterior STS is required for intact perception of
biological motion.
 2005 Elsevier Ltd. All rights reserved.
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Viewing human movements, recognizing diﬀerent ac-
tions, and interpreting body postures are visual tasks
that we perform every day. Arguably, activities like
these form the basis of many other, even more complex
social behaviors, such as communication through signal-
ing, deriving an individuals intentions, constructing our
own actions in response, and even learning motor
behaviors. We are so skilled at recognizing body move-
ments, that humans can perform many of these tasks on
the basis of kinematics alone, without the aid of color,0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.05.027
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which actions are depicted solely by the kinematics of
light points placed on the joints of an actor, is an exam-
ple of body perception stripped down to its most bare,
and essential, components (Johansson, 1973).
Most individuals are quite adept at recognizing bio-
logical motion in point-light animations. Observers
can accurately report gender (Cutting, 1978; Pollick,
Lestou, Ryu, & Cho, 2002), identity (Cutting & Kozlow-
ski, 1977; Hill & Johnston, 2001), aﬀect (Dittrich, Tros-
cianko, Lea, & Morgan, 1996; Pollick, Fidopiastis, &
Braden, 2001), and even deceptive behavior from
point-light animations (Runeson & Frykholm, 1981).
Some populations of individuals, however, have diﬃ-
culty extracting the human form from the kinematics of
the point-lights. Patients with lesions in posterior
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from non-biological motion. The performance diﬃcul-
ties measured in these individuals exist despite normal
performance on low-level motion tasks, such as coher-
ence detection (Battelli, Cavanagh, & Thornton, 2003),
and speed discrimination (Cowey & Vaina, 2000;
Schenk & Zihl, 1997).
Recent neuroimaging studies highlight a critical role
of posterior parietal cortex, in particular the posterior
superior temporal sulcus (pSTS), as a neural locus for
perception of bodies and body movements (Allison,
Puce, & McCarthy, 2000). The pSTS has been found
to be selectively activated when subjects view changes
in eye gaze or mouth movements (Puce, Allison, Bentin,
Gore, & McCarthy, 1998), body articulation (Beau-
champ, Lee, Haxby, & Martin, 2002; Pelphrey et al.,
2003), and point-light biological motion (Bonda, Pet-
rides, Ostry, & Evans, 1996; Grossman & Blake, 2002;
Howard et al., 1996; Vaina, Solomon, Chowdhury, Sin-
ha, & Belliveau, 2001).
In this study, we evaluated whether an intact pSTS
is necessary for the perception of biological motion in
individuals with otherwise normal brain function. We
have used low frequency 1 Hz repetitive transcranial
magnetic stimulation (rTMS) to temporarily disrupt
cortical functioning within two localized cortical re-
gions. A survey of previous studies indicates the right
hemisphere pSTS region to be more active than the left
pSTS during biological motion perception (Bonda et
al., 1996; Grossman et al., 2000; Pavlova, Lutzenber-
ger, Sokolov, & Birbaumer, 2004; Pelphrey et al.,
2003). A recent evoked potentials study by Hirai,
Fukushima, and Hiraki (2003) demonstrated neural
signals selective for biological motion over right, but
not left, temporo-parietal cortex, corresponding to
EEG coordinate T6. Thus the temporo-parietal region,
speciﬁcally T6, is the brain site of experimental interest
to this study. To control for more generalized eﬀects of
rTMS stimulation, performance was also tested follow-
ing stimulation of a second brain site, left MT+/V5.
Previous neuroimaging studies have demonstrated mo-
tion-sensitive MT+/V5 to be activated, but not prefer-
entially, during perception of biological motion
(Grossman et al., 2000). Additionally, restricting the
stimulation of this control area to the opposite
hemisphere as our experimental site of interest mini-
mizes the possibility of cortical spread across stimula-
tion sites as a result of the repetitive stimulation (e.g.
Ferbert et al., 1992; Netz, Ziemann, & Homberg,
1995; Paus et al., 1997).
To test for a possible generalized eﬀect of brain stim-
ulation, observers were also asked to discriminate up-
side-down biological animations from upside-down
scrambled motion. Like the inversion eﬀect reported in
face perception, inverted biological motion is much
more diﬃcult to recognize as biological (Pavlova &Sokolov, 2000; Sumi, 1984) despite being virtually iden-
tical (simply upside-down).
By having a two cortical stimulation sites and two
psychophysical tasks, we were able to implement two
diﬀerent types of controls for our rTMS intervention
(Robertson, Theoret, & Pascual-Leone, 2003). We pre-
dicted that rTMS to pSTS would disrupt upright, but
not inverted biological motion (thus establishing the
behavioral speciﬁcity of the eﬀect). Furthermore, we
predicted that rTMS to MT+/V5 would interfere with
all motion tasks, but show no speciﬁcity for upright bio-
logical motion stimuli (thus establishing the topographic
speciﬁcity of the pSTS eﬀects). Non-speciﬁc distracting
eﬀects of rTMS, such as the physical sensation of the
pulses, were further controlled using an oﬀ-line rTMS
paradigm (Robertson et al., 2003).2. Methods
2.1. Observers
Nine healthy individuals, aged 21–43 years (seven
men, two women) with normal or corrected to normal
vision participated in these experiments. Participants
were checked for TMS exclusion criteria (Wassermann,
1998) and gave written informed consent as approved by
the Harvard University and Beth Israel Deaconess Med-
ical Centers Institutional Review Boards. The study was
conducted in the Harvard-Thorndike General Clinical
Research Center at BIDMC in order to provide the saf-
est environment for the subjects.
2.2. Stimuli and procedure
Subjects were seated in a semidarkened room and
viewed a 1 s point-light animation depicting various
activities such as walking, kicking and throwing
(Fig. 1). Animations were created by videotaping an ac-
tor with light points placed on the joints, digitizing the
ﬁlms and encoding the light points as x, y positions.
Non-biological motion controls (‘‘scrambled’’ anima-
tions) were created by randomizing the starting position
of each dot within a region approximating the biological
ﬁgure. Unlike biological animations, which are instantly
recognized as a human performing an action, scrambled
animations appear as a meaningless cloud of dots with
some overall ﬂow in common. Inverted animations were
created by ﬂipping the biological and scrambled anima-
tions about the x-axis.
Animations were displayed on a Macintosh G3 lap-
top using Matlab (Mathworks, Inc.) in conjunction with
the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997).
Target ﬁgures (biological, inverted or scrambled) aver-
aged 3 · 8.5 deg of visual angle. Light points (.19 deg
of visual angle) were displayed as black dots against a
Fig. 1. Schematic of stimuli. Animations of point-light upright
biological, scrambled, and inverted biological motion were embedded
in noise arrays. Lines connecting dots in ﬁgure are for visualization
only, and were not present in the experiment.
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ure was randomly jittered 1.4 deg from the display cen-
ter on each trial to prevent tracking of a single dot. A
ﬁxation cross remained visible in the center of the dis-
play at all times.
The subjects task in these experiments was to dis-
criminate biological (upright or inverted) from scram-
bled motion. In normal viewing conditions, this is a
trivially easy task, even for a naı¨ve observer. Thus to
guard against possible ceiling eﬀects, the animations
were embedded in a noise array generated from the same
motions as the target sequence (i.e., a ‘‘walker’’ or
‘‘scrambled walker’’ was masked by scrambled walkers,
‘‘kickers’’ were masked by scrambled ‘‘kickers’’, etc.).
Inverted biological motion is inherently more diﬃcult
to recognize as biological, thus rendering the discrimina-
tion task more diﬃcult, and so these animations were
embedded in fewer noise dots than in the upright
condition.
Subject performance was calibrated individually prior
to any brain stimulation. In a 2-1 staircase procedure,
the number of noise dots required for threshold discrim-
ination was determined. Subjects performed a two-alter-
native forced choice procedure (2AFC), indicating
whether each trial depicted biological or scrambled mo-
tion. Subject responses were recorded by a keypress and
subjects were not given accuracy feedback. The number
of noise dots was increased after two correct responses,
and decreased for each incorrect response, converging
on the number of noise dots required for 71% accuracy.
For each subject, the number of noise dots was ﬁxed at
this individually measured level for the remainder of the
experiments. Thus, prior to any stimulation, perfor-
mance in the upright and inverted conditions was ﬁxed
to be at threshold.
Following assessment of noise threshold a Pre-Stimu-
lation Baseline sensitivity to the biological motionanimations was measured. Subjects viewed 40 anima-
tions of each type (2 · 2 design—upright and inverted,
biological and scrambled) embedded in the ﬁxed level
of noise and performed the same 2AFC as in the stair-
case procedure. Hits, misses, false alarms and correct
rejections were recorded for each trial. Due to the diﬀer-
ent levels of noise required to mask the upright and
inverted animations, these two trials types were present-
ed in separate blocks, and subjects were informed as to
the stimuli orientation.
TMS was then delivered using a MagStim stimulator
(MagStim, Whitland, UK) and a commercially available
70 mm ﬁgure of eight Magstim stimulation coil. We ap-
plied a 10 min train of repetitive low-frequency (1 Hz)
stimulation at 60% maximum stimulator output (equiv-
alent to approximately 1.32 T) over one of the two brain
sites, right pSTS or left MT+/V5. Previous studies have
shown that 1 Hz stimulation temporarily reduces excit-
ability of the cortex (within the stimulated area) and
the excitability eﬀects outlast the period of stimulation
(Boroojerdi et al., 2000; Merabet et al., 2004; Mottaghy,
Gangitano, Sparing, Krause, & Pascual-Leone, 2002).
To aid in brain site localization, subjects wore a lycra
swimmers cap with a reference point positioned over
the inion. Posterior STS was localized as T6 using the
EEG 10/20 system (Hirai et al., 2003). MT+/V5 was
localized by the induction of moving visual phosphenes
with single-pulse stimulation (Stewart, Battelli, Walsh,
& Cowey, 1999). For this localization, we stimulated a
3 · 3 grid of 9 points spaced 1 cm apart and centered
3 cm dorsal, 5 cm lateral to the inion, approximately
over area MT+/V5. Participants were blindfolded and
instructed to keep their eyes closed. Single pulse TMS
was delivered at intensities ranging from 30 to 90% of
maximum stimulator output or until the participant
reported seeing phosphenes (Battelli, Black, & Wray,
2002; Beckers & Zeki, 1995). Eight subjects reported see-
ing moving phosphenes during single-pulse stimulation,
allowing more precise localization of MT+/V5. The
moving phosphenes were always experienced at stimula-
tor outputs greater than that used during the repetitive
stimulation (a minimum of 70% stimulation output re-
quired to elicit phosphenes, 60% stimulator output used
during rTMS).
Immediately following the repetitive stimulation over
the targeted brain site, subjects performed the biological
motion sensitivity task (same task as the Pre-Stimulation
Baseline). The time required to perform the psychophys-
ical task (approximately 8 min) is within that for which
10 min trains of slow frequency rTMS have been shown
to have lasting eﬀects in parietal regions (Hilgetag,
Burns, ONeill, Scannell, & Young, 2000). After comple-
tion of the task, observers rested for 15 min to allow
complete recovery from the stimulation. Stimulation
was then applied to the remaining brain site in the oppo-
site hemisphere, and the subject again performed the
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anced across observers, which allowed us to control for
any eﬀects of ‘‘double-dose’’ of stimulation (there were
none).
Following the second stimulation, task completion
and a 15 min recovery period, participants repeated
the task to obtain a ﬁnal Post-Stimulation Baseline. Psy-
chophysical data were analyzed using a mixed eﬀects
repeated measures analysis of variance.3. Results
3.1. Psychophysical results
Individuals ranged greatly in their ability to tolerate
added noise to the displays while still performing the dis-
crimination task. However, all subjects tolerated much
less noise in the inverted discrimination task than in
the upright discrimination task. The number of noise
dots tolerated in the upright condition averaged 111.1
dots (SD 44.6 dots). Noise levels for the inverted condi-
tion averaged 42.8 dots (SD 26.4), almost one-third the
level of noise tolerated in the upright condition.
Prior to any stimulation subjects were able to easily
discriminate the two types of animations (Fig. 2). The
average sensitivity score for the upright biological ani-
mations was 1.51 d-prime (d 0) units, and sensitivity for
the inverted was 1.46 d 0 units. This is not surprising
given that task diﬃculty was set based on discrimina-
tion thresholds measured just prior to this sensitivity
task.
A mixed eﬀects analysis of variance revealed a main
eﬀect of stimulation site on sensitivity (F = 11.57;Fig. 2. Group psychophysical results. Upright biological motion and
inverted biological motion sensitivity before and after rTMS stimula-
tion. Asterisk (*) indicates a signiﬁcant diﬀerence in sensitivity scores
from Baseline (p < .05). Error bars indicate 1 standard error.p < .01). Post-hoc comparisons among the diﬀerent con-
ditions (Tukey HSD) revealed stimulation over pSTS
resulted in signiﬁcantly worsened discrimination perfor-
mance in the upright biological motion condition
(p < .01). Sensitivity scores for upright biological motion
dropped on average to 1.12 d 0 units following rTMS as
compared with baseline. In contrast, sensitivity to the
inverted biological motion remained unchanged from
baseline, at 1.41 d 0 units (p > .05). Stimulation over
MT+/V5 did not change performance on either the up-
right or inverted biological motion discriminations (up-
right mean 1.53; inverted mean 1.61; both p > .05).
A Post-Stimulation Baseline measure indicated that
observers fully recovered from the eﬀects of stimulation
within 15 min. Post-hoc comparisons indicate no diﬀer-
ence in Pre- and Post-Baseline performance in the up-
right condition (p > .05). Post-Baseline performance in
the inverted condition was signiﬁcantly improved from
the Pre-Baseline (p < .05), suggesting subjects may have
been able to learn through repeated task performance.
3.2. Stimulation site reconstruction
High resolution anatomical images in conjunction
with frameless stereotaxy (BrainSightTM, Rogue Re-
search, Montreal, Canada) were used to visualize the
projected cortical target of the T6 and MT+/V5 stimula-
tion sites in two subjects (Fig. 3). The projected target of
stimulation over T6 (presumed to be STS) corresponded
to the posterior extent of the superior temporal sulcus,
the same region implicated in biological motion respon-
sive in EEG and fMRI studies (Beauchamp, Lee, Hax-
by, & Martin, 2003; Bonda et al., 1996; Grossman et
al., 2000; Hirai et al., 2003; Vaina, Belliveau, des Ro-
ziers, & Zeﬃro, 1998). The MT+/V5 stimulation site
projected onto the ascending extent of the lateral occip-
ital sulcus, corresponding to reported location of human
MT+/V5 as determined through neuroimaging (Huk,
Dougherty, & Heeger, 2002; Sunaert, Van Hecke, Mar-
chal, & Orban, 1999; Tootell et al., 1995; Watson, 1996;
Watson et al., 1993) .4. Discussion
These experiments found that low frequency rTMS
over the posterior extent of the human STS temporarily
impairs perception of biological motion. Stimulation
over MT+/V5 did not aﬀect observers ability to detect
and discriminate the biological animations in the noise
arrays. These ﬁndings are the ﬁrst to demonstrate that
pSTS is critical for the perception of biological motion.
These results are in agreement with the neuropsycho-
logical literature, which has shown that individuals with
lesions covering posterior parietal cortex have poor sen-
sitivity to biological motion despite intact low-level
Fig. 3. Coronal and whole-brain visualization of stimulation sites.
Two participants (author EG shown) provided high resolution
anatomical MRI images which were co-registered with the stimulation
device. Cross-hairs on coronal image indicate focus of the projected
stimulation path as shown on the whole-brain image.
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suggested that the diﬃculties experienced by these indi-
viduals are due to damaged attention mechanisms re-
quired to perform high-level motion tasks (Battelli et
al., 2001). Indeed, biological motion perception, which
has often been described as eﬀortless, seems to depend
on a functioning attentional system (Battelli et al.,
2003; Thornton, Rensink, & Shiﬀrar, 2002). It is also
interesting to note that in our study, rTMS over pSTS
did not aﬀect sensitivity to the inverted biological mo-
tion. Recognizing inverted biological motion presum-
ably requires attention in the same way that
recognizing upright biological motion does, and thus is
it unlikely that the deﬁcits in sensitivity we measured fol-
lowing stimulation are a result of dampening the atten-
tional system as a whole. It is also noteworthy that a
previous neuroimaging study has shown BOLD re-
sponse to inverted biological motion to be approximate-
ly half that of canonical (upright) biological motion
(Grossman & Blake, 2001). The implication on the cur-
rent study is that that the impact of stimulation over
pSTS may be weakened for perception of inverted bio-
logical motion. It is also possible, that because subjects
were able to complete the discrimination task with some
degree of accuracy, additional neural machinery is
recruited during recognition of the inverted animations,
machinery that is not impaired by stimulation over the
parietal and extrastriate brain sites.One of the surprising ﬁndings from this study was that
observer performance was unaﬀected by stimulation over
MT+/V5. This extrastriate region was chosen as a stimu-
lation site because of its motion-selectivity, a functional
characteristic thatmakesMT+/V5 a brain area that likely
feeds forward into the more anterior pSTS. Psychophysi-
cal studies have shown that spatio-temporal integration
of the light points is required to recognize point-light ani-
mations as biological (Ahlstro¨m, Blake, & Ahlstro¨m,
1997), a computation believed to be accomplished by
MT+/V5. Indeed, neuroimaging studies have found
MT+/V5 to be activated during perception of point-light
biologicalmotion, althoughnot preferentially (Grossman
et al., 2000). Additionally, previous stimulation studies
have shown motion discrimination to decline following
single-pulse stimulation over MT+/V5 (Ellison, Battelli,
Cowey, & Walsh, 2003). Previous stimulation studies
have also shown, however, that the eﬀects of brain stimu-
lation over MT+/V5 are varied depending on low-level
stimulus properties and cognitive demands of the task
(Matthews, Luber, Qian, & Lisanby, 2001; Walsh, Elli-
son, Battelli, & Cowey, 1998), and may not be reﬂected
so much in detection sensitivity as decision bias (Hotson
& Anand, 1999). Indeed, the purpose of measuring hits
and false alarm responses in our tasks was to measure if
changes in biases occurred as a result of stimulation (none
were found). Thus, we are left to conclude that if stimula-
tion overMT+/V5 aﬀected the low-level motion signals in
our subjects in such a way as to alter the perception of our
stimuli, our behavioralmeasures were not suﬃciently sen-
sitive tomeasure these changes (despite being sensitive en-
ough to measure impaired biological motion sensitivity
following stimulation over pSTS). It is also important to
note that some authors have argued that biological mo-
tion perception is possible without any motion cues at
all and is instead driven by conﬁgural, or shape, informa-
tion (Beintema & Lappe, 2002). The results from this
study would support such a hypothesis.
One might argue that although repetitive stimulation
was applied over one brain site, the contralateral ‘‘in-
tact’’ brain area (left pSTS or right MT+/V5) could be
responsible for the relatively good performance in these
tasks. In all likelihood, some eﬀects of the repeated stim-
ulation on homologous brain areas in the opposite hemi-
sphere occurred via spread through transcallosal
connections (Hilgetag et al., 2000; Paus et al., 1997).
To fully control for the possible eﬀects of an intact hemi-
sphere one must simultaneously stimulate both hemi-
spheres. Because we did not apply bilateral stimulation,
it is possible that the relatively good performance was
due to normal cortical processing in the intact hemi-
sphere. However, this hypothesis would actually predict
the opposite patterns of results than we found. Human
MT+/V5 receives input corresponding to a contralateral
visual ﬁeld representation (Huk et al., 2002), while the
cortical organization of pSTS is thought to include the
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tasks in which stimuli were presented foveally, the single
‘‘intact’’ MT+/V5 would only receive half the stimulus
(the half visible in the opposite visual ﬁeld), while pSTS
would have full access to the visual input. The prediction
would then be that performance should be worse follow-
ing stimulation overMT+/V5 than by pSTS because only
half the information is being processed normally as op-
posed to the entire visual ﬁeld, the opposite pattern of re-
sults than we found. This eﬀect would be further
magniﬁed in trials for which the slight spatial jitter ap-
plied to the target moved the stimulus further away from
the ‘‘intact’’ visual ﬁeld for MT+/V5 stimulation. Thus
we argue that relatively good performance following
brain activation is not a reﬂection of remaining intact
function in the contralateral hemisphere, but reﬂects
some residual function within the stimulated brain area.
Diﬀerential eﬀects of stimulation reﬂect specialization of
the pSTS for the task demands of our biological motion
discrimination task.
Biological motion perception has been suggested to be
one stage of a cortical network for social perception
(Adolphs, 2001). In this model, the human superior tem-
poral sulcus (STS) is reciprocally connected to the orbi-
to-frontal cortex and amygdala, and provides the cues
necessary for recognition of social, biological events such
as recognition of emotional expression and personal
intention. Psychophysical evidence supports the link be-
tween low-level perception and social behavior, includ-
ing evidence of impaired biological motion perception
in individuals with autism, a population with profound
social diﬃculties (Blake, Turner, Smoski, Pozdol, &
Stone, 2003), and above average biological motion per-
ception in those individuals with Williams syndrome, a
disorder associated with highly social behavior (Jordan,
Reiss, Hoﬀman, & Landau, 2002). It has also been pro-
posed that body perception (and biological motion per-
ception) are closely related to motor learning and
action planning, tasks involving premotor cortex, among
other brain areas (Buccino et al., 2001; Decety & Grezes,
1999). It remains to be seen the full range of cognitive
and motor processes which are aﬀected by disrupting
cortical processing within the STS, and the eﬀects of
brain stimulation over other brain sites on biological mo-
tion sensitivity. The present study provides a functional
marker of STS disruption by rTMS that might be useful
for future studies evaluating the role of STS in higher
forms of social perception and cognition.Acknowledgments
This work was supported by NEI EY15960 to LB,
NEI EY09258 to Patrick Cavanagh, RO1-EY12091
and K24 RR018875 to APL, and the Harvard-Thorn-
dike General Clinical Research Center at Beth IsraelDeaconess Medical Center (NCRR MO1 RR01032).
Our gratitude to Felipe Fregni for his help with
BrainSight.References
Adolphs, R. (2001). The neurobiology of social cognition. Current
Opinion in Neurobiology, 11, 231–239.
Ahlstro¨m, V., Blake, R., & Ahlstro¨m, U. (1997). Perception of
biological motion. Perception, 26, 1539–1548.
Allison, T., Puce, A., & McCarthy, G. (2000). Social perception from
visual cues: Role of the STS region. Trends in Cognitive Science,
4(7), 267–278.
Battelli, L., Black, K. R., & Wray, S. H. (2002). Transcranial magnetic
stimulation of visual area V5 in migraine. Neurology, 58(7),
1066–1069.
Battelli, L., Cavanagh, P., Intriligator, J., Tramo, M. J., Henaﬀ, M. A.,
Michel, F., & Barton, J. J. (2001). Unilateral right parietal damage
leads to bilateral deﬁcit for high-level motion. Neuron, 32(6),
985–995.
Battelli, L., Cavanagh, P., & Thornton, I. M. (2003). Perception of
biological motion in parietal patients. Neuropsychologia, 41,
1808–1816.
Beauchamp, M. S., Lee, K. E., Haxby, J. V., & Martin, A. (2002).
Parallel visual motion processing streams for manipulable objects
and human movements. Neuron, 34(1), 149–159.
Beauchamp, M. S., Lee, K. E., Haxby, J. V., & Martin, A. (2003).
FMRI responses to video and point-light displays of moving
humans and manipulable objects. Journal of Cognitive Neurosci-
ence, 15(7), 991–1001.
Beckers, G., & Zeki, S. (1995). The consequences of inactivating
areas V1 and V5 on visual motion perception. Brain, 118(Pt. 1),
49–60.
Beintema, J. A., & Lappe, M. (2002). Perception of biological motion
without local image motion. Proceedings of the National Academy
of Science of the United States of America, 99(8), 5661–5663.
Blake, R., Turner, L. M., Smoski, M. J., Pozdol, S. L., & Stone, W. L.
(2003). Visual recognition of biological motion is impaired in
children with autism. Psychological Science, 14(2), 151–157.
Bonda, E., Petrides, M., Ostry, D., & Evans, A. (1996). Speciﬁc
involvement of human parietal systems and the amygdala in the
perception of biological motion. Journal of Neuroscience, 16(11),
3737–3744.
Boroojerdi, B., Bushara, K. O., Corwell, B., Immisch, I., Battalglia, F.,
Muellbacher, W., & Cohen, L. G. (2000). Enhanced excitability of
the human visual cortex induced by short-term light deprivation.
Cerebral Cortex, 10(5), 529–534.
Brainard, D. H. (1997). The Psychophysics Toolbox. Spatial Vision,
10(4), 433–436.
Buccino, G., Binkofski, F., Fink, G. R., Fadiga, L., Fogassi, L.,
Gallese, V., Seitz, R. J., Zilles, K., Rizzolatti, G., & Freund, H. J.
(2001). Action observation activates premotor and parietal areas in
a somatotopic manner: An fMRI study. European Journal of
Neuroscience, 13(2), 400–404.
Cowey, A., & Vaina, L. M. (2000). Blindness to form from motion
despite intact static form perception and motion detection.
Neuropsychologia, 38(5), 566–578.
Cutting, J. E. (1978). Generation of synthetic male and female walkers
through manipulation of a biomechanical invariant. Perception,
7(4), 393–405.
Cutting, J. E., & Kozlowski, L. T. (1977). Recognition of friends by
their walk. Bulletin of the Psychonomic Society, 9, 353–356.
Decety, J., & Grezes, J. (1999). Neural mechanisms subserving the
perception of human actions. Trends in Cognitive Science, 3(5),
172–178.
E.D. Grossman et al. / Vision Research 45 (2005) 2847–2853 2853Dittrich, W. H., Troscianko, T., Lea, S. E., & Morgan, D. (1996).
Perception of emotion from dynamic point-light displays repre-
sented in dance. Perception, 25, 727–738.
Ellison, A., Battelli, L., Cowey, A., & Walsh, V. (2003). The eﬀect of
expectation on facilitation of colour/form conjunction tasks by
TMS over area V5. Neuropsychologia, 41(13), 1794–1801.
Ferbert, A., Priori, A., Rothwell, J. C., Day, B. L., Colebatch, J. G., &
Marsden, C. D. (1992). Interhemispheric inhibition of the human
motoro cortex. Journal of Physiology (London), 453, 525–546.
Grossman, E., & Blake, R. (2002). Brain areas active during visual
perception of biological motion. Neuron, 35(6), 1157–1165.
Grossman, E., Donnelly, M., Price, R., Pickens, D., Morgan, V.,
Neighbor, G., & Blake, R. (2000). Brain areas involved in
perception of biological motion. Journal of Cognitive Neuroscience,
12(5), 711–720.
Grossman, E. D., & Blake, R. (2001). Brain activity evoked by inverted
and imagined biological motion. Vision Research, 41, 1475–1482.
Hilgetag, C. C., Burns, G. A., ONeill, M. A., Scannell, J. W., &
Young, M. P. (2000). Anatomical connectivity deﬁnes the organi-
zation of clusters of cortical areas in the macaque monkey and the
cat. Philosophical Transactions of the Royal Society of London.
Series B: Biological Sciences, 355(1393), 91–110.
Hill, H., & Johnston, A. (2001). Categorizing sex and identity from the
biological motion of faces. Current Biology, 11(11), 880–885.
Hirai, M., Fukushima, H., & Hiraki, K. (2003). An event-related
potentials study of biological motion perception in humans.
Neuroscience Letters, 344, 41–44.
Hotson, J. R., & Anand, S. (1999). The selectivity and timing of
motion processing in human temporo-parieto-occipital and occip-
ital cortex: A transcranial magnetic stimulation study. Neuropsych-
ologia, 37(2), 169–179.
Howard, R. J., Brammer, M., Wright, I., Woodruﬀ, P. W., Bullmore,
E. T., & Zeki, S. (1996). A direct demonstration of functional
specialization within motion-related visual and auditory cortex of
the human brain. Current Biology, 6, 1015–1019.
Huk, A. C., Dougherty, R. F., & Heeger, D. J. (2002). Retinotopy and
functional subdivision of human areas MT and MST. Journal of
Neuroscience, 22(16), 7195–7205.
Johansson, G. (1973). Visual perception of biological motion and a
model for its analysis. Perception and Psychophysics, 14, 195–204.
Jordan, H., Reiss, J. E., Hoﬀman, J. E., & Landau, B. (2002). Intact
perception of biological motion in the face of profound spatial
deﬁcits: Williams syndrome. Psychological Science, 13(2), 162–167.
Matthews, N., Luber, B., Qian, N., & Lisanby, S. H. (2001).
Transcranial magnetic stimulation diﬀerentially aﬀects speed and
direction judgments. Experimental Brain Research, 140(4),
397–406.
Merabet, L., Thut, G., Murray, B., Andrews, J., Hsiao, S., & Pascual-
Leone, A. (2004). Feeling by sight or seeing by touch. Neuron,
42(1), 173–179.
Mottaghy, F. M., Gangitano, M., Sparing, R., Krause, B. J., &
Pascual-Leone, A. (2002). Segregation of areas related to visual
working memory in the prefrontal cortex revealed by rTMS.
Cerebral Cortex, 12(4), 369–375.
Netz, J., Ziemann, U., & Homberg, V. (1995). Hemispheric asymmetry
of transcallosal inhibition in man. Experimental Brain Research,
104, 527–533.
Paus, T., Jech, R., Thompson, C. J., Comeau, R., Peters, T., & Evans,
A. C. (1997). Transcranial magnetic stimulation during positron
emission tomography: A new method for studying connectivity of
the human cerebral cortex. Journal of Neuroscience, 17, 3178–3184.
Pavlova, M., Lutzenberger, W., Sokolov, A., & Birbaumer, N. (2004).
Dissociable cortical processing of recognizable and non-recogniz-
able biological movement: Analysing gamma MEG activity.
Cerebral Cortex, 14(2), 181–188.
Pavlova, M., & Sokolov, A. (2000). Orientation speciﬁcity in biological
motion perception. Perception and Psychophysics, 62, 889–898.Pelli, D. G. (1997). The videotoolbox software for visual psychophys-
ics: Transforming numbers into movies. Spatial Vision, 10(4),
437–442.
Pelphrey, K. A., Mitchell, T. V., McKeown, M. J., Goldstein, J.,
Allison, T., & McCarthy, G. (2003). Brain activity evoked by the
perception of human walking: Controlling for meaningful coherent
motion. Journal of Neuroscience, 23(17), 6819–6825.
Pollick, F. E., Fidopiastis, C., & Braden, V. (2001). Recognising the
style of spatially exaggerated tennis serves. Perception, 30(3),
323–338.
Pollick, F. E., Lestou, V., Ryu, J., & Cho, S.-B. (2002). Estimating the
eﬃciency of recognizing gender and aﬀect from biological motion.
Vision Research, 42, 2345–2355.
Puce, A., Allison, T., Bentin, S., Gore, J. C., & McCarthy, G. (1998).
Temporal cortex activation in humans viewing eye and mouth
movements. Journal of Neuroscience, 18, 2188–2199.
Robertson, E. M., Theoret, H., & Pascual-Leone, A. (2003). Studies in
cognition: The problems solved and created by transcranial
magnetic stimulation. Journal of Cognitive Neuroscience, 15(7),
948–960.
Runeson, S., & Frykholm, G. (1981). Visual perception of lifted
weight. Journal of Experimental Psychology: Human Perception and
Performance, 7(4), 733–740.
Schenk, T., & Zihl, J. (1997). Visual motion perception after brain
damage I: Deﬁcits in global motion perception. Neuropsychologia,
35, 1289–1297.
Stewart, L., Battelli, L., Walsh, V., & Cowey, A. (1999). Motion
perception and perceptual learning studies by magnetic stimula-
tion. Electroencephalography and Clinical Neurophysiology, 51,
334–350.
Sumi, S. (1984). Upside-down presentation of the Johansson moving
light-spot pattern. Perception, 13(3), 283–286.
Sunaert, S., Van Hecke, P., Marchal, G., & Orban, G. A. (1999).
Motion-responsive regions of the human brain. Experimental Brain
Research, 127(4), 355–370.
Thornton, I. M., Rensink, R. A., & Shiﬀrar, M. (2002). Active versus
passive processing of biological motion. Perception, 31(7), 837–853.
Tootell, R. B., Reppas, J. B., Kwong, K. K., Malach, R., Born, R. T.,
Brady, T. J., Rosen, B. R., & Belliveau, J. W. (1995). Functional
analysis of human MT and related visual cortical areas using
magnetic resonance imaging. Journal of Neuroscience, 15(4),
3215–3230.
Vaina, L. M., Belliveau, J. W., des Roziers, E. B., & Zeﬃro, T. A.
(1998). Neural systems underlying learning and representation of
global motion. Proceedings of the National Academy of Science of
the United States of America, 95, 12657–12662.
Vaina, L. M., Solomon, J., Chowdhury, S., Sinha, P., & Belliveau, J.
W. (2001). Functional neuroanatomy of biological motion percep-
tion in humans. Proceedings of the National Academy of Sciences of
the United States of America, 98(20), 11656–11661.
Walsh, V., Ellison, A., Battelli, L., & Cowey, A. (1998). Task-speciﬁc
impairments and enhancements induced by magnetic stimulation of
human visual area V5. Proceedings of the Royal Society of London.
Series B: Biological Sciences, 265(1395), 537–543.
Wassermann, E. M. (1998). Risk and safety of repetitive transcranial
magnetic stimulation: report and suggested guidelines from the
international workshop on the safety of repetitive transcranial
magnetic stimulation, June 5–7, 1996. Electroencephalography and
Clinical Neurophysiology, 108(1), 1–16.
Watson, J. D. (1996). Functional imaging studies of human visual
cortex. Clinical & Experimental Pharmacology & Physiology,
23(10–11), 926–930.
Watson, J. D., Myers, R., Frackowiak, R. S., Hajnal, J. V., Woods, R.
P., Mazziotta, J. C., Shipp, S., & Zeki, S. (1993). Area V5 of the
human brain: Evidence from a combined study using positron
emission tomography and magnetic resonance imaging. Cerebral
Cortex, 3(2), 79–94.
